Psychosocial stress has been shown to be a contributing factor in the development of atherosclerosis. Although the underlying mechanisms have not been elucidated entirely, it has been shown previously that the transcription factor nuclear factor-κB (NF-κB) is an important component of stress-activated signaling pathway. In this study, we aimed to decipher the mechanisms of stress-induced NF-κB-mediated gene expression, using an in vitro and in vivo model of psychosocial stress. Induction of stress led to NF-κB-dependent expression of proinflammatory (tissue factor, intracellular adhesive molecule 1 [ICAM-1]) and protective genes (manganese superoxide dismutase [MnSOD]) via p50, p65 or cRel. Selective inhibition of the different subunits and the respective kinases showed that inhibition of cRel leads to the reduction of atherosclerotic lesions in apolipoprotein -/-(ApoE -/-) mice via suppression of proinflammatory gene expression. This observation may therefore provide a possible explanation for ineffectiveness of antioxidant therapies and suggests that selective targeting of cRel activation may provide a novel approach for the treatment of stress-related inflammatory vascular disease.
INTRODUCTION
Atherosclerosis, despite intensive research efforts, remains a major health burden in the postmodern Western society. The treatment and/or prevention of atherosclerotic lesions have focused on well-established risk factors such as lipids, blood pressure or diabetes. Psychosocial stress has been shown to be an independent risk factor for cardiovascular disease (1) amendable by intervention (2) , but the underlying mechanisms which lead to atherosclerosis remain unclear. Activation of the redox-sensitive transcriptional factor nuclear factor-κB (NF-κB) is believed to be an important component of the cascade of events triggered by psychosocial stress, leading to inflammation, thrombosis and vascular damage (3) (4) (5) (6) (7) (8) (9) (10) (11) . NF-κB subunits are expressed ubiquitously and can be activated by a wide range of stimuli, such as reactive oxygen species (ROS), cytokines, infection and DNA damage; however, their actions are regulated in a cell-and stimulus-specific manner, leading to a diverse spectrum of effects (12) .
As most inducers of NF-κB trigger the release of ROS (10, 13, 14) , antioxidants have been studied as a therapeutic option for reducing atherothrombosis (13) (14) (15) . While there is experimental and clinical evidence suggesting a role for redox-mediated cellular dysfunction in atherosclerosis, there is still a large discrepancy between the expected effect of reducing cellular redox responses and the clinical benefit of currently available therapies (16) (17) (18) (19) . A potential explanation for this discrepancy might be provided by the observation that members of the NF-κB family also orchestrate gene clusters required for the resolution of inflammation (20) (21) (22) (23) , for instance, inhibition of NF-κB activation by a macrophage-restricted deletion of inhibitor of κB (IκB)-kinase-2 (IKK-2) increases atherosclerosis in mice (24) .
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Psychosocial stress and catecholaminemediated vascular dysfunction are important contributors to vascular disease (31) (32) (33) (34) (35) (36) . In our previous work, we have demonstrated that psychosocial stress triggers the activation of NF-κB (32) . In the present study, our goal was to further characterize the involvement of different NF-κB subunits in the stress-dependent signaling and to analyze their respective effects, not only on the expression of proinflammatory and proatherogenic genes, but also on cell-protective genes. Therefore, catecholamine-induced NF-κB activation and subsequent gene expression were studied in vitro and in vivo in a mouse model of stress-induced atherosclerosis.
MATERIALS AND METHODS

Reagents
Norepinephrine, phentolamine, propranolol, GF109203, wortmannin, SB202190, pyrolidinedithiocarbamate (pDTC), acetylcysteine (AcCys), α-tocopherol, ascorbic acid, human tumor necrosis factor-α (TNF-α), lipopolysaccharide, oil red O, Alcian blue, scarlet fuchsin, hematoxylin, phosphotungstic acid, orcein and Spanish saffron were from Sigma (Deisenhofen, Germany). Oxidized low density lipoprotein was from Biomedical Technologies Inc. (Stoughton, MA, USA).
[γ-32P]ATP (3000 Ci/mmol at 10 Ci/mL), ECL-nitrocellulose membranes, ECL detection reagents and Hyperfilm-X-rayfilms were from Amersham (Braunschweig, Germany). NuPageBis-Tris gels were Invitrogen products (Life Technologies, Carlsbad, CA, USA). Poly dI/dC was from Pharmacia (Freiburg, Germany). Peroxidase (POD) staining reagent, ABC-peroxidase staining kit, 3,3′-diaminobenzidine (DAB) and hematoxylin were from Vector Laboratories (Burlinghame, CA, USA).
Animal Experiments
Procedures in this study were approved by the Animal Care and Use Committee at the Regierungspräsidium Karlsruhe, Germany. ApoE -/-mice, 8-wk old, (Charles River Laboratories, Wilmington, MA, USA) were used throughout the study. The animals were bred in the Central Animal Facility of Heidelberg University. They were exposed to 12-h light-dark (L:D) cycles (6:18 h L:D) and had ad libitum access to food and water.
Induction of Acute and Chronic
Restraint Stress ApoE -/-mice (8-wk old; female) were used throughout the experiments. All experiments were started at the same time of day, and mice were separated in single cages 24 h prior to the experiments. For the induction of acute stress, mice were subjected to a 20-min immobilization by being placed in a well-ventilated tube without the possibility to move. The immobilization was repeated once after 4 h of relaxation. Retro-orbital blood samples were taken before euthanization. Mice were then divided into groups and either left untreated or subjected to continued immobilization in the absence or presence of either a combination of α-and β-adrenergic receptor antagonists (phentolamine, 2 mg/kg + propranolol, 0.8 mg/kg) or one of the following inhibitors: protein kinase C (PKC) inhibitor GF109203 × (2 μg/kg), p38 mitogen-activated protein kinase (p38MAPK) inhibitor SB202190 (5 mg/kg), PI3/Akt inhibitor wortmannin (1.5 mg/kg), small interfering ribonucleic acid (siRNA) for p50, p65 and cRel (1.5 μg/g), respectively. Adrenergic antagonists and inhibitors were given intraperitoneally (IP), 12 h prior to the first restraint and the untreated mice received the equal volume of phosphatebuffered saline (PBS). For the induction of chronic stress, mice were exposed to repeated episodes of immobilization (as described above), twice per week during a 4-wk treatment period. Mice were separated in single cages 24 h before the experiments. Inhibitors were given IP and siRNAs were given intravenously (IV) 12 h prior to the first immobilization of the day.
The scheme of all experimental procedures is depicted in Supplementary Figure S1 . Norepinephrine (NE) plasma levels were determined using the Catcombi Elisa Kit (IBL, Hamburg, Germany) according to the manufacturer's instructions.
Bone Marrow Transplantation
Bone marrow was obtained aseptically from femurs and tibias of male Apo E -/-, C57Bl/6-wild-type and cRel -/-mice (on the C57Bl/6 background) (37), 10 to 12 wks old, after euthanizing animals by cervical dislocation as described previously in detail (38) . Unfractionated bone marrow (BM) cells were resuspended in sterile PBS (5 × 106 cells/0.2 mL) and injected retro-orbitally into 6-to 8-wk old Apo E -/-mice that had been lethally irradiated (10 Gy) 1 d before. Six weeks after BM reconstitution, animals were divided into the respective groups and either left untreated or subjected to the repeated episodes of the immobilization stress during 4 wks as described above. The efficiency of engraftment was confirmed by reverse transcriptase-PCR (RT-PCR) for NF-κB cRel in peripheral blood mononuclear cells (pBMC). Twenty three percent of animals subjected to the transplantation died within 2 wks after the procedure.
Cell Culture THP-1 cells (cell culture collection, DKFZ, Heidelberg, Germany) were maintained in RPMI 1640 medium containing 2 mmol L-glutamine and 100 U/mL penicillin, 100 μg/mL streptomycin (BioWhittaker, Walkerville, MD, USA) and 20% fetal calf serum (Gibco; Life Technologies) at 37°C and seeded 1 d before experiments.
Isolation of Murine pBMC
Whole blood from five mice/group was pooled and pBMC were isolated as described previously (39) .
Western Blot Analysis
Cells were harvested and nuclear protein extracts were obtained as described previously (4, 40) . Membranes were incubated with anti-NF-κB p50 (Epitomics, Burlingame, CA, USA), anti-NF-κB p65 and anti-NF-κB cRel (Rockland Immunochemicals, Gilbertsville, PA, USA) antibodies (1:500 dilution). Thereafter, the membranes were stripped and incubated with Histone-1 antibody (Santa Cruz, Heidelberg, Germany), which served as a loading control (1:300 dilution).
Electrophoretic Mobility Shift Assay (EMSA)
Nuclear proteins were prepared and assayed for transcription factor binding activity using oligonucleotides specific for the NF-κB binding sites in the tissue factor (TF) and ICAM-1-promoters and the intronic NF-κB binding site in the MnSOD gene (see Supplementary  Table S1 ) as described (4, 40, 41) .
Chromatin Immunoprecipitation (ChIP)
Total chromatin (TCh) was isolated as described in detail (42) 
RT-PCR
RT-PCR was performed using 1 μg total RNA as starting material. Primers shown in Supplementary Table S2 360 s. The PCR-products were separated onto 1.7% agarose gels and visualized by ethidium bromide staining. β-actin served as control for sample loading. Reactions lacking template RNA or AMVreverse transcriptase served as internal controls.
Antisense Experiments
Phosphothioate oligonucleotide (PTO)-modified antisense oligonucleotides (asODNs) for silencing NF-κB subunits spanned bp 468 to bp 492 for NF-κB p50 (acc. no. NM_003998), bp 73-bp 97 for NF-κB p65 (NM_021975) and bp 225-bp 249 for NF-κB cRel (NM_002908) (Supplementary Table S3 ). Scrambled oligonucleotides were designed as controls. THP-1 cells were preincubated with 0.2 μmol/L asODNs for 48 h prior to induction and were renewed every 24 h. The efficiency of silencing was confirmed by RT-PCR.
RT2 Profiler PCR Arrays
THP-1 cells were preincubated with 0.2 μmol/L as ODNs for NF-κBp 50 and NF-κB cRel for 48 h and/or either induced with NE for 1 h or left untreated. After RNA isolation and complementary deoxyribinocleic acid (cDNA) synthesis, predesigned PCR microarrays for oxidative stress and antioxidant defense; NF-κB pathway and atherosclerosis pathway (SABioscience, Frederick, MD, USA) were performed according to the manufacturer instructions. Quantitative realtime PCR was performed with 500 ng RNA using Chromo 4 Real-time Detector (Bio-Rad, Munich, Germany) and the acquired data were analyzed using the manufacturer's analyzing template.
Immunohistochemistry
Aortae were cleaned from surrounding tissue and cut transversally with a cryostat (Microm, Walldorf, Germany). Sections (8 μm) were air dried and incubated with antibodies for activated NF-κB p65 (1 μg/mL Chemicon, Temecula, CA, USA), NF-κB p50 (1 μg/mL; Epitomics), NF-κB cRel (1 μg/mL; Santa Cruz), ICAM-1 (1 μg/mL; R&D Sys-tems, Minneapolis, MN, USA), MnSOD (1 μg/mL; Biozol, Eching, Germany) or nitrotyrosine (1.5 μg/mL, Upstate, Lake Placid, NY, USA). Sections were fixed with 2% paraformaldehyde for 15 min at room temperature, stained using the POD reaction with ABC peroxidase and DAB staining kits, and counterstained with hematoxylin. For the immunostaining for TF, 5-μm-thick paraffin-embedded sections were stained using the antibody for TF (2 μg/mL; Calbiochem, Darmstadt, Germany), ABC peroxidase and DAB staining kits, and hematoxylin as counterstain. Immunofluorescence was performed on frozen sections using antibodies for murine CD11b (2 μg/mL; Acris, Herford, Germany), ICAM-1 (1 μg/mL; R&D Systems, Minneapolis, MN, USA), TF (2 μg/mL; Calbiochem) MnSOD (1 μg/mL; Biozol), CD14 (2 μg/mL; Abcam, Cambridge, UK), FITC-labeled CD3 (2.5 μg/mL Santa Cruz), CD45 receptor (1.5 μg/mL; Santa Cruz), α-smooth muscle cell actin (1 μg/mL; Abcam), thrombomodulin (10 μg/mL, R&D Systems, Wiesbaden, Germany), FITC-labeled anti-rat (1 μg/mL; Acris) and anti-rabbit (1 μg/mL; Santa Cruz), Texas-Red labeled anti-rabbit, anti-goat, anti-rat and anti-mouse IgG (1 μg/mL; Santa Cruz). All slides were visualized with Olympus AX70 microscope and visualizing software Cell F (Olympus, Hamburg, Germany).
Staining of Aortic Tissue with Oil Red O
Mice were anesthetized with 2-methyl-2-buthanol-tert-amylalcohol and 2,2,2-tribromethanol (Sigma) before intracardiac perfusion was performed with 15 mL PBS followed by 15 mL of 78% methanol (43, 44) . Aortae were separated from surrounding tissue, extracted, fixated and stained as described previously (43) (44) (45) . Pictures were taken with a Motic 1000 Digital Camera (Special Application Products Ltd, Ipswich, UK). The stained area was quantified using ImageJ software (NIH, Bethesda, MD, USA; http://rsb. info.nih.gov/ij/ index. html) Where indicated, 8 μm sections were air dried and incubated with 0.5% oil red O dissolved in 60% isopropanol for 30 min. Sections were visualized using Olympus AX70 microscope and the pictures were inverted into the dark background using visualizing software Cell F (Olympus, Hamburg, Germany). Figure 1 . Exposure to chronic stress and subsequent catecholamine release leads to the formation of atherosclerotic lesions. (A) Plasma NE levels in ApoE -/-mice left untreated or subjected to acute or repeated stress. Statistically significant differences are indicated (**p < 0.01).
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(B) Plasma NE levels in ApoE -/-mice either left untreated or subjected to repeated stress. Where indicated mice received a combination of α-adrenergic and β-adrenergic receptor antagonists. Statistically significant differences are indicated (**p < 0.01). (C) ApoE -/-mice were exposed to repeated stress episodes as described in methods. Representative aortae stained with oil red O and quantification of positive covered are shown. Aortic tissue was evaluated by one investigator blinded for the identities of the experimental groups. Statistically significant differences are indicated (**p < 0.01). Data represent the mean ± SD (n ≥ 8). (D) Diagram showing correlation analysis performed between NE plasma levels and oil red O staining intensity using Spearman rank correlation.
Movat Staining
Frozen sections (8 μm) of aortic tissue were stained with Movat pentachrome stain (44, 46) . Sections were photographed and analyzed with Image Pro software (Media Cybernetics, Bethesda, MD, USA) and the extent of the necrotic cores, extracellular matrix and thickness of the fibrous caps was quantified.
Statistical Analysis
All values are given as mean ± standard deviation. Statistical analysis was performed using SPSS software, version 11.0. Groups were compared using the one-factor analysis of variance (ANOVA) for multiple comparisons and analyzed using post hoc Games-Howell test for unequal variances or Fisher least significant differences (LSD) test. p < 0.05 was considered to be statistically significant. Correlation analysis was performed using Spearman rank correlation. Correlation coefficient R > 0.4 was considered significant.
All supplementary materials are available online at www.molmed.org.
RESULTS
Psychosocial Stress and Norepinephrine Induces Atherosclerosis via Differential Activation of NF-κB Subunits
ApoE -/-mice were subjected to either acute or chronic immobilization stress for a period of 4 wks. Both models of stress induced significant increases in the plasma levels of NE, which correlated positively with the extent of atherosclerotic lesion formation, indicating a direct effect of catecholamines. Inhibition of α/β-adrenergic receptors in mice undergoing chronic stress significantly reduced the formation of atherosclerotic lesions without affecting plasma levels of NE (Figure 1 ). There were no differences in the number of B-lymphocytes (CD45-R +) , smooth muscle cells positive macrophages, and were reduced by inhibition of α/β-adrenergic receptors (Supplementary Figure S2B) .
Stimulation of THP-1 cells with NE increased expression of ICAM-1, TF and
MnSOD in a time-dependent manner ( Figure 2A) . In silico analysis of the promoter regions of these genes showed that each of them contained NF-κB binding sites, which showed increased binding activity upon stimulation with NE ( Figure 2B ). Chromatin immunoprecipitation showed that, upon stimulation, the ICAM-1 promoter was occupied by p50, p65 and cRel, the TF promoter by p65 and cRel and the MnSOD binding site by p50/p65 heterodimers ( Figure 2C ). Pretreatment with the respective antisenseoligodeoxynucleotides confirmed that a differential pattern of NF-κB subunit activation is induced by NE ( Figure 2D ). Similar results also were observed for ICAM-1 in peripheral blood mononuclear cells isolated from healthy wild type (C57Bl/6) mice stimulated ex vivo with NE ( Figure 2E ), as well in the mononuclear cells isolated from ApoE -/-mice subjected to acute stress ( Figure 2F ). Inhibition of α/β-adrenergic receptors in these mice reduced activation of all NF-κB subunits and respective gene expression, indicating the dependence of stress-induced catecholamine release.
Stress-Induced Differentiation Activation of NF-κB Requires Different Signaling Pathways
Inhibition of PKC in NE stimulated THP-1 cells, reduced p50 nuclear translocation and DNA binding to ICAM-1 promoter, whereas inhibition of p38MAPK decreased p65 activity. cRel nuclear translocation and DNA binding was re- D 1 8 : 1 3 7 5 -1 3 8 6 , 2 0 1 2 duced by inhibition of phosphoinositide-3-kinase (PI3K) (Figures 3A,B) . PKC inhibition also reduced cRel binding, without affecting nuclear translocation, suggesting that not only the availability of nuclear NF-κB subunits, but also the presence of specific subunits at a given promoter, might influence the binding of other subunits required to form transcriptionally active heterodimers.
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cRel Activation Plays a Key Role in Psychosocial Stress-Induced Atherosclerosis ApoE -/-mice subjected to acute stress showed significant increases in p50, p65 and cRel positivity in inflammatory and endothelial cells of the aortic root (Figure 3C) . Consistent with the in vitro findings ( Figures 3A,B) , pretreatment of the mice with the inhibitors of PKC, p38MAPK and PI3K resulted in a reduction of ICAM-1 expression, while TF expression was reduced when either p65 or cRel were inhibited by p38MAPKi-nase or PI3K, respectively. MnSOD expression was reduced when p50 or p65 and PKC or p38MAPK were inhibited ( Figure 3D ). With respect to the formation of atherosclerotic lesions, it was observed that lesion formation was not affected substantively by inhibition of either p50 or p65 signaling pathways, whereas inhibition of cRel resulted in significant reduction in lesion formation, suggesting a key role of cRel activation in atherosclerosis ( Figure 4A ). These results were confirmed subsequently in acutely stressed ApoE -/-mice treated with NF-κB subunit-specific siRNAs ( Figure 4B ). Neither stress-induced aortic lesions nor extracellular matrix composition were affected significantly by inhibition of p50 ( Supplementary Figure S4 ). Although inhibition of p65 only caused a moderate reduction of aortic lesions, it resulted in a significant reduction of aortic proteoglycan content and elastic fiber thickness (Supplementary Figure S4) . By contrast, inhibition of cRel significantly reduced both aortic lesions and intimal thickening, consistent with the changes in the extracellular matrix composition in mice pretreated with siRNA targeting PI3K. These results suggest that with respect to psychosocial stress, cRel activation indeed plays a key role in the development of atherosclerosis. To confirm this concept, ApoE -/-mice were transplanted with ei- 
Suppression of Antioxidant Defenses by cRel
Oxidative stress has been proposed as an underlying mechanism for the development of atherosclerotic lesions. Consistent with this, ApoE -/-mice subjected to acute stress showed significant increases in oxidative stress as indicated by the formation of nitrotyrosine in vascular cells of the aortic root ( Figure 6A ). Nitrotyrosine levels were not reduced when either p50 or p65 signaling pathways were inhibited, but were reduced significantly by inhibition of cRel-dependent (A) ApoE -/-mice were exposed to repeated stress episodes as described in methods.
Thereafter, total aortae from at least four ApoE -/-mice, untreated; stressed; pretreated with PKC, p38MAPK or PI3K inhibitor; were stained with oil red O and evaluated by one investigator blinded to the identities of the experimental groups. Statistically significant differences are indicated (**p < 0.01). (B) Untreated (same staining as in Figure 5A ) or stressed ApoE -/-mice (same staining as in Figure 5A ) were pretreated with siRNA for p50,
PI3K
. As the expression of the antioxidant MnSOD is regulated in part by p50/p65 heterodimers, it would have been expected that inhibition of these subunits and, in turn, MnSOD expression would have led to increased oxidative stress. This result would suggest that although p50 and p65 are activated during stress, the presence of cRel forces the induction of proinflammatory genes such as ICAM-1 and TF, rather than induction of antioxidant genes such as MnSOD.
Treatment with Antioxidants Leads to General Inhibition of NF-κB Subunits and Subsequent NF-κB-Regulated Gene Expression
It was observed that treatment of THP-1 cells with a selection of antioxidants prior to stimulation by NE led to the suppressed nuclear translocation of p50, p65 and cRel ( Figure 6B ) and the expression of ICAM-1, TF and MnSOD ( Figure 6C ). Quantitative real-time PCR microarray analysis of cells treated with NF-κB-specific antisense-oligodeoxynucleotides prior to NE stimulation, showed that the majority of the genes involved in antioxidative defenses were suppressed by inhibition of p50, while suppression of cRel inhibited gene products involved in atherosclerosis (Figure 6D, Supplementary Table S5 ). Inhibition of p50 also was found to reduce genes involved in NF-κB signaling, suggesting that a general inhibition of NF-κB, as is the case with antioxidants, not D 1 8 : 1 3 7 5 -1 3 8 6 , 2 0 1 2 only may inhibit NF-κB-dependent antioxidant defense systems, such as MnSOD, but also may disrupt the NF-κB network required to ensure normal cellular functioning. This is further supported by in silico analysis of NF-κB subunit recruitment to the promoters of the various genes involved either in atherosclerosis or antioxidant defense, thereby confirming diverging roles of cRel versus p50. Selective inhibition of cRel activation might therefore preserve the proresolution and antioxidant effects of NF-κB, while limiting the proinflammatory effects of NF-κB.
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DISCUSSION
A model of stress-induced atherosclerosis was established to investigate postreceptor signaling leading to NF-κB activation. The model of acute stress was used to describe the instantaneous and acute changes in NF-κB activation and mRNA transcription. The chronic stress model was used to show the long-term effects on vascular integrity. It has been demonstrated that emotional stress can trigger cardiovascular events and, while the exposure to acute stressors, such as earthquakes, has been associated with an increased risk of acute coronary syndrome, arrhythmia, pulmonary embolism and transient left ventricular apical ballooning ("Takotsubo" cardio myopathy) (47), exposure to chronic stressors has been linked to the increased blood pressure (48) as well as increased levels of the proinflammatory and procoagulant markers (49) . The physiology of the stress response is very complex, involving not only heightened sympathetic nervous system activity, which is associated with the activation of α and β adrenergic receptors, but also reduced parasympathetic activity. Studies have shown an important role of vagal withdrawal in stress Table S5 for complete list of the respective genes).
response, suggesting that parasympathetic inhibition can lead to reduced heart rate variability and promote endothelial dysfunction via mechanisms independent of adrenergic receptors, and therefore are not amendable by action of β blockers (50) . Furthermore, during exposure to chronic stress, several molecular cascades are activated, modifying the immune state of the organisms and further promoting inflammation (51) . Apo E-deficient mice are widely used in atherosclerosis research. The ApoEdeficient mouse model is the only genetically engineered model that develops extensive atherosclerotic lesions on a chow diet and is also the model in which the lesions have been characterized most thoroughly (8) . Utilizing these mice, we were able to show that induction of stress leads to increased circulation of NE, leading to differential activation of the NF-κB subunits p50, p65 and cRel. Selective inhibition of the NF-κB subunits and their respective signaling pathways demonstrated that the formation of stress-induced atherosclerotic lesions can be reduced either by inhibition of the PI3K pathway or by direct inhibition of cRel. These findings indicate that differential activation of NF-κB subunits can predict the gene expression program in response to a given stimulus and thus defines single NF-κB subunits as a specific target for therapeutic intervention.
It has been shown that inhibition of the NF-κB pathway with a macrophagerestricted deletion of IκB kinase 2 (IKK2) promotes severe atherosclerosis in LDLreceptor-deficient mice due to an imbalance of pro-and antithrombotic mechanisms (24) . The present study extends these observations and identifies cRel as an essential mediator of atherothrombotic gene expression. The function of cRel was investigated mainly in hematopoietic cell lineages, revealing the defects in lymphocyte proliferation and humeral immunity in mice lacking cRel (52, 53) . The cRel -/-mice used in this study were viable and healthy throughout the experimental procedure. Several studies have demonstrated that cRel plays an important role in different pathways contributing to the inflammatory response, such as induction of cytokines, autoimmunity and infection diseases (54) (55) (56) (57) . Regulation of cRel is controlled by key residues in the binding motifs present in the respective promoter sequences (58) . The specificity-determining region of cRel increases its affinity for binding sites that diverge from the canonical NF-κB consensus sequence. As a consequence, p65 and cRel appear to regulate largely distinct sets of genes despite high structural homologies (58, 59) . NF-κB sites that contain three consecutive G nucleotides at positions 1-3 of the half-site in the NF-κB binding motif preferentially bind p50/p65-heterodimers, whereas sites that contain a T or C at position 1 selectively bind p65/cRel-heterodimers and preclude p50/p65 (60, 61) . Therefore, the presence of selective recognition motifs in promoters of different NF-κB-controlled genes predicts subunit binding. Our findings suggest that the genes involved in inflammation and atherosclerosis are modulated predominantly by cRel. Dominant nuclear translocation of cRel has been observed at early time points of inflammation (25) . Recent work investigating the underlying molecular mechanisms of cardiac hypertrophy has demonstrated the pivotal role for cRel as a positive regulator of cardiac hypertrophy and remodeling and has suggested that disease-related shifts in balance from NF-κB p50 toward cRel-dependent signaling has a positive influence on the expression of genes controlling the adaptive response of the stressed heart (62). Consistent with these observations, our findings show that cRel is a potential target for the development of a specific treatment for mitigating the atherosclerotic response in humans. Future studies are needed to delineate the correlation between the extent of cRel activation and onset and/or progress of atherosclerosis. Nevertheless, given that cRel activation elicits atherosclerotic response, whereas p50 and p65 participate in the resolution of inflammation, a global antioxidant strategy is likely to fail. The results of some clinical studies (16) (17) (18) (19) support this concept. Psychological strategies aimed at reducing the stress burden also should be investigated with respect to their impact on cRel activation, compared with the activation of p65 and p50. In addition, future research is necessary to find out whether the reduction of psychosocial stress has an effect on the kinases regulating the activation of respective NF-κB subunits.
Our findings demonstrate that activation and/or induction of cRel is mediated largely by the PI3K pathway. Inhibition of PI3K reduced cRel activation and translocation as well as cRel-mediated expression of ICAM-1 and TF expression, but it neither affected p65 or p50 binding to DNA, nor significantly reduced MnSOD expression in vitro or in vivo. The latter supports a concept in which cRel-dependent inflammation as well as p50/65-triggered resolution of inflammation (22) are, at least in part, controlled by turning off PI3K and activating cellular antioxidant defense mechanisms. This is consistent with a described mechanism of inhibition of NF-κB activation by statins (63) . An integrative genomic approach demonstrated the role of PI3K-NF-κB signaling in the survival of breast cancer cell lines, further implying that turning off PI3K is a central step in the regulation and termination of inflammation (64) .
CONCLUSION
In the present study, we have described distinctive signaling pathways leading to the activation of NF-κB subunits p50, p65 and cRel in response to stress and/or NE and have shown the physiological significance of these pathways by identifying cRel as a main differentiator responsible for the expression of proatherogenic and prothrombotic genes. These findings point to the selective targeting of cRel activation and maintaining p50/p65-controlled protective pathways as the basis for an NF-κB subunit-based novel therapeutic strategy, which would limit the proinflammatory
